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Abstract
A visual tracking task was administered to 20 subjects aﬀorded simulated prosthetic vision (a phosphene array); a total of 3h data
was taken from each subject over the course of 10 visits. The experiment assessed prosthetic visual ﬁxation, saccade and smooth
pursuit and the eﬀect of practice. Further, we demonstrated an image analysis technique that assisted ﬁxation and pursuit (but
not saccade) accuracy, and required less vigorous movement of the phosphene array in pursuing the target. As measured by mean
deviation from the target, ﬁxation and pursuit accuracies were improved by 8.3 and 3.3 min of visual arc, respectively (35.8% and
6.8%), for inter-phosphene spacing of 1.9. The analysis technique, involving overlapping Gaussian kernels, was an heuristic design;
this is the ﬁrst step of an iterative, experimental approach to devising eﬀective image analysis to be contained in an electronic vision
prosthesis. The approach should ultimately aﬀord implanted patients improved prosthetic visual function.
 2004 Elsevier Ltd. All rights reserved.Keywords: Prosthetic vision; Vision prosthesis; Psychophysics; Linear ﬁltering; Visual tracking1. Introduction
For suﬀerers of outer retinal degeneration (e.g., age-
related macular degeneration and retinitis pigmentosa),
stimulating electrodes at the vitreoretinal interface are
shown to elicit discrete percepts—so-called ‘‘phosphe-
nes’’—in the visual ﬁeld (Humayun et al., 1996; Huma-
yun et al., 1999). This psychophysical result is consistent
with in vivo and in vitro animal studies (Eysel et al.,
2002; Humayun, Propst, de Juan, McCormick, & Hick-
ingbotham, 1994), and is attributed to the high survival
rates, relative to the outer retina, of inner retinal layers
(Stone, Barlow, Humayun, de Juan, & Milam, 1992).
The elicitation of phosphenes is the cornerstone of on-
going attempts by the authors group and others (for re-0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.09.032
* Corresponding author. Tel.: +61 2 9385 3922; fax: +61 2 9663
2108.
E-mail address: n.lovell@unsw.edu.au (N.H. Lovell).view, see Zrenner, 2002) to provide an electronic retinal
prosthesis. Here, electrodes, together comprising an
intraocularly implantable array, are independently actu-
ated by an implanted neurostimulation integrated circuit
(IC); central to the authors application-speciﬁc IC (Sua-
ning & Lovell, 2001), and others (Hornig & Eckmiller,
2002; Liu et al., 2000), is the ability to modulate stimu-
lation proﬁles at electrodes independently, and thus
modulate phosphenes. The approach bears resemblance
to that of the cochlear implant, where the function of
degenerate hair cells of the inner ear is replaced by an
implanted array of electrodes stimulating spiral ganglion
cells (Rubinstein & Miller, 1999).
Phosphene representations of visual stimuli have
been simulated in previous work, central to which is that
of Cha and colleagues (Cha, Horch, & Normann, 1992a,
1992b; Cha, Horch, Normann, & Boman, 1992). Those
authors devised a so-called ‘‘pixelized vision simulator’’:
a portable television set worn on the head and viewed
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stimulus was spatially impulsively sampled. This set-up
was used to assess the eﬀect of phosphene density, and
the extent of the visual ﬁeld occupied by phosphene ar-
rays, on subjects mobility. The walking speed and colli-
sion rate of subjects in an indoor maze of obstacles was
examined; it was demonstrated that a 25-by-25 array of
phosphenes occupying the central 30 of the visual ﬁeld
(corresponding to an inter-phosphene spacing of 1.2)
allowed walking speed comparable to that of a control
subject. Further, subjects were administered tumbling-
E trials to assess acuity (Cha, Horch, & Normann,
1992b). When inter-phosphenes spacing was 3.2min of
visual arc, regardless of whether 100- or 1024-phosphene
arrays were used, subjects were aﬀorded 20/26 Snellen
acuity.
Subsequent work to that of Cha has been very much
in the same spirit: that ‘‘three parameters are important
in determining the quality of a pixelized image: the num-
ber of pixels, their density, and their range of intensities’’
(Cha et al., 1992b). Humayun (2001) used a head-
mounted display and set phosphene array geometries
that better approximate the state of the art of implanta-
ble retinal prosthetics. He assessed Snellen acuity, recog-
nition of simple objects (such as spoons, plates, pens,
and cups), and subjects abilities to wield simple house-
hold objects. Four-by-four, 6-by-10, and 16-by-16 phos-
phene arrays were used occupying up to 36-by-48 of the
central visual ﬁeld. To Humayuns method, Thompson
and colleagues (Thompson, Barnett, Humayun, &
Dagnelie, 2003) added the parameters phosphene size,
inter-phosphene spacing, and phosphene drop-out; four
subjects were required to recognize faces. Hayes and col-
leagues (Hayes et al., 2003) examined Snellen acuity,
hand–eye coordination, and the recognition of simple
objects. Humayun (2001), Thompson et al. (2003), and
Hayes et al. (2003) used simple regional averaging of
the ‘‘underlying’’ stimulus to drive their phosphene ar-
rays, referred to as ‘‘box’’ ﬁltering (Thompson et al.,
2003), or the ‘‘mean luminance’’ beneath the aperture
of a phosphene (Hayes et al., 2003).
1.1. Rationale of the study
The primary goal of the present work is to address the
image analysis to be contained in a retinal prosthesis.
Our approach uses an analysis–synthesis framework,
separating the processing of visual stimuli (analysis)
from their representation via phosphenes (synthesis).
For the present study, we have set synthesis parameters
(including the sizes of phosphenes, their separation, their
modulation, and the overall geometry of the phosphene
array) in correspondence with existing implantable elec-
trode array designs (Suaning, Lovell, & Kwok, 2003).
The existing psychophysics work, discussed in Sec-
tion 1, ignores image analysis beyond trivial implemen-tations; its focus is the quantiﬁcation of the usefulness of
prosthetic vision (mobility, reading speed, face recogni-
tion). The present work assesses an analysis scheme de-
signed intuitively so as to encode extra information in
the phosphene image. We contrast the eﬀect of this
scheme with those of existing, trivial implementations.
We do not imagine the scheme to be optimal, but rather
seek to show an eﬀect above and beyond existing imple-
mentations. This would justify future work towards its
optimization, central to which would be data gathered
from the present experiment. That is, this work may
be thought of as the ﬁrst step of an iterative, experimen-
tal process of designing image analysis for a retinal
prosthesis.
It is useful to draw parallels between the present work
and work on auditory neuroprostheses. With a mind to
devising eﬀective speech processing techniques, it is com-
mon practice by ‘‘cochlear’’ groups to simulate degraded
auditory signals—‘‘low-channel’’ signals with informa-
tion content similar to those perceived by auditory neu-
roprosthesis implantees—on loudspeakers played to the
normally hearing (Arbogast, Mason, & Kidd, 2002;
Dorman, Loizou, & Fitzke, 1998; Throckmorton & Col-
lins, 2002). The overall improvement in recent decades
of monosyllabic word recognition in cochlear implan-
tees (10% in the 1980s versus approximately 45% in
1999) is one-third attributed to improved speech
processing (Rubinstein & Miller, 1999). With regard to
retinal prosthetics, clinical trials of an epiretinal device
have recently begun in the United States (Humayun
et al., 2003a, 2001); the retinal prosthesis is in its infancy
and it is not surprising that there are currently few data
concerning the integration of image processing tech-
niques and retinal neuroprostheses. An important diﬀer-
ence between auditory and visual simulations, however,
is that the role of auditory subjects is passive (their ears
being immobile), whereas the role of visual subjects is
active (they are required to scan the visual stimuli).
The following explains the rationale of the present
experimental set-up. A moving target serves as the stim-
ulus; it is represented on a phosphene array that the sub-
ject may move around the computer monitor (using a
joystick), ‘‘over’’ the stimulus. In turn, the subjects eyes
survey the phosphene array. That is, phosphene array
movement and the subjects gaze are uncoupled. It is
important to note, however, that by surveying the phos-
phene array the subject gains no information, assuming
that the relatively large changes in phosphene sizes are
detected by the relative abundance of photoreceptors
in the peripheral macula. The primary goal of the pre-
sent study is to quantify the eﬀect of the extra informa-
tion, coded via the intuitive scheme, when presented
within the conﬁnes (stimulus parameters) of prosthetic
vision. That is, can subjects use this extra information
to better localize the target? Is learning required to do
so? And if so, how much?
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of retinal prostheses will feature low-density implantable
electrode arrays. This low density is due, ﬁrst, to the
electrotonicity of the retina being such that phosphenes
will interact if electrodes, as per current designs, are too
close together. Second, very small electrodes, being more
resistive, pose power constraints on an implantable,
microelectronic neurostimulator, and may make for
charge densities in tissue that exceed safe limits. Where
a low density of electrodes (and therefore phosphenes)
prevails, hyperacuity, or the ability to discern details
smaller than inter-electrode (inter-phosphene) separa-
tion, is central.
Of secondary interest in the present study is subjects
movement of the phosphene array. Central to the eﬀec-
tive use of any phosphene array is its movement; it is
therefore important to quantify and contrast the move-
ment pertaining to diﬀerent image analysis schemes. We
take up this point, in light of our results, in Section 4.2. Methods
2.0.1. Participants
Twenty naı¨ve subjects (16 males; 4 females) with nor-
mal, or corrected-to-normal, vision volunteered for the
study. Each subject visited the laboratory 10 times over
the course of one month, with no two visits occuring on
the same day. Each visit comprised approximately
20min tracking—two 10min blocks separated by a rest
of several minutes. Each block comprised 33 tracking
tasks (tests), each of approximately 15s duration.
2.0.2. Set-up
Simulated prosthetic vision was rendered on a com-
puter monitor viewed binocularly from 70cm by the
subject, a distance stabilized by way of a chinrest. The
manipulandum was a potentiometer joystick connected
to the serial port of the computer. Software was devel-
oped by the authors based chieﬂy on OpenGL, a
cross-platform standard for rendering and hardware
acceleration (http://www.opengl.org).
2.0.3. Functional set-up
Fig. 1 depicts the functional set-up. For each test, the
stimulus—a moving target—was represented to the sub-
ject by way of a phosphene array; the subject was re-
quired to track the target with the central phosphene
of the array. To do so, the phosphene array could be
moved around the monitor by manipulation of the joy-
stick. The phosphene array comprised 23 phosphenes
arranged in a regular, hexagonal mosaic. The phosphene
array may be thought of as a synthesis stage with severalparameters: number of phosphenes (23); the hexagonal
arrangement of phosphenes; the inter-phosphene sepa-
ration (114.5min of visual arc); phosphene size when
maximally actuated (87.3min of visual arc). An analysis
stage comprising 23 spatial ﬁlters was functionally at-
tached to the synthesis stage. It is convenient to think
of the analysis stage as unseen, and underlying the syn-
thesis stage (that is, both stages could be moved around
the monitor). The locations of spatial ﬁlters corre-
sponded to the locations of phosphenes; the operation
of any one spatial ﬁlter on the underlying stimulus mod-
ulated the corresponding phosphene. The sizes of pho-
sphenes were modulated according to this operation;
phosphenes were uniformly white.2.0.4. Analysis stages (Schemes)
The experiment assessed the eﬃcacy of three diﬀerent
analysis stages, or ﬁltering schemes: Q0, Q1, and Q2, as
depicted in Fig. 1. Scheme Q0 impulsively sampled the
stimulus at the 23 locations, in a similar approach to
that of Cha et al. (1992a, 1992b); (Cha, Horch, Nor-
mann et al., 1992): each phosphene was modulated
according to the intensity of the directly underlying
stimulus pixel. As per Section 4, phosphene sizes were
modulated. Therefore, since stimuli involved high-inten-
sity targets (white on black), for Q0, any given phos-
phene was therefore either unactivated, or maximally
activated (subtending 87.3min of visual arc). Scheme
Q1 regionally averaged the underlying stimulus, in a
similar approach to that of Humayun (2001), Hayes
et al. (2003), and Thompson et al. (2003); the total
region underlying the phosphene array was, in eﬀect,
tiled by hexagonal spatial ﬁlters. Thus, phosphenes were
modulated according to the average intensity of the
underlying region. Scheme Q2 involved Gaussian spatial
ﬁlters with standard deviation 34.4min of visual arc. By
way of control, the stimulus was presented through a
‘‘clear’’ window, the same size as the phosphene array,
with a red circle indicating the windows centre.2.0.5. Stimuli
All tests involved a small, white target (35.8-by-
35.8arcmin) which moved on a black background. The
target ranged within a circular area of diameter approx-
imately 16.7arcdeg, and described a randomly generated
S-shaped motion (see Fig. 1). The stimuli were derived
from those originally used by Rashbass (1961) (see also
Leigh & Zee, 1999); we substituted the S-shaped target
motion for what is usually a linear ramp. The presenta-
tion of stimuli were randomized such that each was pre-
sented only once with each ﬁltering scheme over the
course of a visit, and no stimulus was tested twice
running.
Fig. 1. The functional set-up of the experiment. A typical stimulus motion is depicted in the top row: the target initially appears at a randomly
generated point within 15arcmin of the centre of the monitor (top row, column 1); after some random period between 3.0 and 5.5s, the target is
stepped through 150arcmin in a random direction to the ‘‘step point’’ (column 2); the target then follows a smooth, S-shaped course (column 3), to a
‘‘peripheral point’’ (column 4), colinear with the step point and the centre of the screen. The local maximum and minimum of the S are randomly
generated and spline interpolated. Throughout the experiment, the average target speed was 1.7arcdeg/s (s.d. = 0.7). At each point in time the
stimulus is analyzed by the scheme in question (second row); the outcome of this analysis activates phosphenes in the synthesis—the array of
phosphenes viewed by the subject (third row). Note that sizes of phosphenes are activated. The subject moves the phosphene array around the
monitor by manipulating a joystick (fourth row). The scheme may be conceptualized as being ‘‘attached’’ to the phosphene array, and the stimulus as
‘‘underlying’’ the phosphene array and scheme. Note that black and white have been inverted in rows 1 and 3 for the sake of picture clarity. On the
right, the three image analysis schemes in question are depicted: impulsive sampling (scheme Q0), regional averaging (Q1), and Gaussian ﬁltering
(Q2) (see Section 2.0.4 in the text). The experiment compares the eﬀect of each scheme on tracking the target, which involves prosthetic visual
ﬁxation, saccade, and pursuit.
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For each test, we generated two time series, fsfvt and
psfvt (ﬁxation and pursuit
1; sth subject, fth ﬁltering
scheme, vth visit, tth test). Each signal is the deviation
of the joystick position, jsfvt, from the target position,
tsfvt; fsfvt pertains to deviation while the target is station-
ary (that is, ﬁxation); psfvt to deviation from the moving1 Throughout the manuscript, we use the terms ‘‘ﬁxation’’, ‘‘sac-
cade’’, and ‘‘pursuit’’. The reader should note that these are in fact
manual analogues of oculomotor behavior. Strictly speaking, as per
the manuscript title, the terms ‘‘prosthetic visual ﬁxation’’, ‘‘prosthetic
visual saccade’’, and ‘‘prosthetic visual pursuit’’ are more accurate.target (that is, pursuit). The joystick position corre-
sponds to the position of the central phosphene of the
array, or of the red circle for control. Joystick position
was sampled at approximately 50Hz. At the conclusion
of the experiment, all signals were low-pass ﬁltered at
25Hz cut-oﬀ using Matlab (1999, version 5.3) forming
series fsfvt and psfvt of equal length. The statistics, fsfv
and psfv, were then calculated—the mean deviation,
for ﬁxation and pursuit, respectively, from the target
for a given subject, visit, and ﬁltering scheme, collapsed
across tests. These statistics were used for measurement
of ﬁxation and pursuit accuracy, respectively.
For measuring saccade latency and end-point devia-
tion, we examined the derivative of joystick position,
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spatial stasis of jsfvt (the velocity criterion used was
<1.2deg/s) corresponds to the pre-planning phase of
the saccade. The duration of this stasis is taken as the
latency. Latency is followed by an acceleration and
deceleration of jsfvt, prior to a second period of spatial
stasis. The deviation from the target on reaching this
second period of spatial stasis was taken as the end-
point deviation.
We deﬁne target loss as the instance of the target
straying outside the boundary of the phosphene array,
or outside the clear window in the control case, and thus
becoming ‘‘invisible’’. As a means of assessing subjects
learning, for pursuit, we measured target loss at visit 1
and visit 10 for each scheme. This discrepancy was then
t-tested (paired, two-tailed).
We calculated the root-mean-square (RMS) velocities
and accelerations for each pursuit deviation signal at
visit 10, psf10t, and then collapsed this data across tests.
This allowed the comparison of the diﬀerential eﬀect of
schemes on velocity and acceleration after practice. To
do so, we ﬁrst computed the Fourier spectrum, Fsf 10t,
for each pursuit deviation, psf10t. For each subject, an
average spectrum for each scheme was then obtained
by collapsing across tests, Fsf 10 (average spectra for
schemes, as depicted in Fig. 7, were obtained by further
collapsing across subjects, Ff 10). Since time-domain
diﬀerentiation is equivalent ﬁltering by jx in the Fou-
rier domain, we applied jx and x2 to the Fourier
spectra Fsf 10. We then integrated the power spectra
over the 99.9%-bandwidth, and employed Parsevals
generalized relationZ 1
1
½f ðtÞ2 dt ¼ 1=2p
Z 1
1
j f^ ðxÞj2 dx; ð1Þ
to obtain the RMS velocities and accelerations of psf10Æ.
Fourier spectra were calculated via FFTW (Frigo &
Johnson, 1998), an implementation of the Fast Fourier
Transform.Fig. 2. Three raw traces for schemes Q0 (a), Q1 (b), and Q2 (c) (subject ML
traces shown are sampled at 25Hz. The initial location of the target (prior to
diﬀerent to that of Q1 and Q2, requiring rapid, wide-ranging movement of p
Pursuit was more accurate for schemes Q1 and Q2; analysis across the cohort
pursuit.2.1. Statistical methods
In assessing the diﬀerential eﬀect of schemes (typi-
cally that of Q1 and Q2) on ﬁxation, saccade latency
and end-point deviation, and pursuit, we repeatedly
employed a three-way ANOVA in subject, scheme, and
visit, with correction for repeated measures, on data
pooled across two schemes. In assessing the visit eﬀect,
and the eﬀect of subject, for individual schemes, the
same ANOVA was employed on unpooled data. In
assessing target loss during pursuit for visits 1 and 10,
a paired, two-tailed Students t-test was employed. In
assessing sensor array movement for visit 10, namely
the diﬀerential eﬀect of schemes Q1 and Q2 on sensor ar-
ray velocities and accelerations, we employed paired,
two-tailed t-tests on the RMS velocities and accelera-
tions, by subject, inherent to each scheme. Stata (2000)
was used for all statistical calculations.3. Results
3.1. Fixation, saccade, pursuit accuracy
Fig. 2 depicts three raw traces; pursuit for schemes
Q1 and Q2 was more accurate than that of Q0, for
which subjects learned to move the phosphene array in
a more rapid, nystagmus-like fashion. Fig. 3(a) demon-
strates the learning eﬀect for ﬁxation for all schemes and
for control. With practice, subjects were able to ﬁxate
the target with better accuracy. The bulk of learning,
for all schemes and for control, had taken place at the
conclusion of visit four—that is, after approximately
16min ﬁxation practice. The eﬃcacy of scheme Q2 rela-
tive to Q1 developed with practice: at the conclusion of
visit one, subjects ﬁxated with comparable accuracy
(deviation Q1: 33.2arcmin; deviation Q2: 31.9arcmin);
by the conclusion of visit four, subjects were better able
to ﬁxate the target by 8.9arcmin (Q1: 24.8arcmin; Q2:; stimulus 334). The targets motion is indicated by the solid line. The
step) is indicated by the square. Pursuit for scheme Q0 was markedly
hosphene array, which may be considered nystagmus-like movements.
(as discussed below) shows that scheme Q2 made for better ﬁxation and
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Fig. 4. (a) Latency of response to the commencement of target motion.
Each data point represents the average latency of 20 saccades by each
of 10 subjects. (b) The contrast between latency for Q1 and Q2
demonstrates no discernable eﬀect of scheme Q2 as compared with Q1
(95% conﬁdence intervals shown).
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Fig. 3. (a) Subjects mean deviation from the stationary target during
ﬁxation (in minutes of visual arc) for the three ﬁltering schemes (Q0,
Q1, Q2), and for control (c), over 10 visits. Each data point represents,
for a given scheme, the cohorts average deviation from the target over
the course of approximately 1.5min ﬁxation. The decreasing curves
indicate that, with practice, subjects ﬁxation accuracy improved (mean
deviation was reduced). (b) The relative eﬃcacy of ﬁltering schemes for
ﬁxation; after the ﬁrst three visits, ﬁxation is more accurate with
scheme Q2 than scheme Q1; the eﬃcacy of Q0 and Q1 is comparable
(95% conﬁdence intervals shown).
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Fig. 3(b), as is the equivalence of Q0 and Q1.
The chief assumption for ANOVA to hold is that var-
iance from data group to data group is approximately
equal. Contrarily, the variance of mean deviation of ﬁx-
ation, fsfv, for both schemes Q1 and Q2, decreased with
successive visits. As discussed in Snedecor and Cochran
(1980, pp. 287–288), where the relationship of the vari-
ance to the mean can be determined, say, s2 ¼ /ðfsfvÞ,
a transformation exists, involving the indeﬁnite integral
of the relationship, that renders the variance independ-
ent of the mean. Thus ANOVA may be performed
in keeping with the chief assumption. Therefore, for
each visit, the Q1 and Q2 data were pooled and the
mean and variance calculated. A linear regression was
then performed in (ffv, s
2) so as to determine /ðfsfvÞ.Ultimately, we derived the following variance-stabilizing
transformation: 0:310
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ55:906þ 6:444fgp .
ANOVA of the pooled Q1, Q2 ﬁxation data revealed
a strong subject eﬀect (F(19,171) = 11.05; P < 0.0001),
indicating that subjects who performed well on a given
task tended to perform well elsewhere. In quantifying
the eﬃcacy of Q2 relative to Q1, the ﬁlter · visit interac-
tion was highly signiﬁcant (F(9,127) = 6.97; P < 0.0001).
Fig. 4(a) depicts saccade latency for all schemes and
control. Saccade data (latency and end-point) for a test
were excluded according to the following criterion: if
measured latency was less than 0.1 seconds, and the sen-
sor array was therefore in motion at the time of the tar-
gets step, data were excluded. On average, latency for
scheme Q0 was markedly higher than that of Q1 and
Q2, which were, in turn, higher than that of control.
At the conclusion of visit 10, latencies (in seconds)
for control, Q0, Q1, and Q2 were 0.29, 0.59, 0.35,
and 0.35, respectively. Fig. 4(b) demonstrates the
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Fig. 5. (a) The mean deviation of the saccade end-point from the
target for all schemes, and for control. Schemes Q1 and Q2 made for
approximately equal saccade accuracy; Q0 was markedly less accurate.
Again, this accuracy took practice: the bulk of learning for Q1 and Q2
occurred over the course of four visits. The contrast between schemes
Q1 and Q2 (b), demonstrates their equivalency (95% conﬁdence
intervals shown).
Table 1
Median target loss per subject (ﬁrst quartile, third quartile) during
pursuit
Visit 1 Visit 10
Control 0 (0.0,0.0) 0 (0.0,0.0)
Q0 16 (11.3,20.8) 12 (8.0,20.0)
Q1 0 (0.0,0.8) 0 (0.0,0.0)
Q2 0 (0.0,1.0) 0 (0.0,0.0)
Target loss (as deﬁned in Section 2) was negligible for schemes Q1 and
Q2, and for control. After approximately 50min practice with scheme
Q0 (at the conclusion of visit 10), median target loss had declined from
16 to 12.
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peated-measures correction, ANOVA of the pooled Q1,
Q2 data yielded a visit · ﬁlter interaction of F(9,170) =
0.66 (P = 0.74).
Fig. 5(a) depicts the learning eﬀect on saccade end-
point; with practice, subjects were better able to saccade
to the target at the commencement of its motion, as
measured by the deviation of the saccade end-point
from the target. As for ﬁxation and pursuit (see below),
the bulk of learning of schemes Q1 and Q2 occurred
within four visits. Learning was slightly protracted,
however, for control (approximately six as opposed to
four visits). The accuracy for schemes Q1 and Q2 was
markedly better than that of Q0 (Q0, Q1, Q2 visit 10:
128.8, 67.1, 68.2arcmin, respectively). Relative accuracy
remained unchanged throughout the experiment: with
practice no scheme became substantially more or lesseﬀective than another. The contrast between schemes
Q1 and Q2 is depicted in Fig. 5(b): there is little evidence
to suggest that either made for better saccade end-point
accuracy. Indeed, ANOVA on the pooled Q1, Q2 data
exhibited the equivalence of the two schemes: the ﬁl-
ter · visit interaction: F(9,170) = 0.67 (P = 0.74).
Table 1 depicts target loss for all subjects for visits 1
and 10. Target loss was negligible for control, Q1, and
Q2; we posit that the losses that did occur were as likely
due to unfamiliarity with the task as they were visually
mediated. Target loss for scheme Q0 is of interest: a
median of 16 losses per subject for visit one declined
to 12 for visit 10. Analysis shows that this decline falls
short of signiﬁcance (t19 = 1.65; P = 0.1). We would at-
tribute this marginal result, in the main, to the fact that
the cohort learned to increase sensor array movement
over the course of the experiment (this is discussed
further in light of Fig. 7).
Throughout the experiment, schemes Q1 and Q2 were
markedly better for pursuit as compared with Q0. A
practice eﬀect was present for all schemes (and for con-
trol), as depicted by the decreasing curves of Fig. 6(a).
The bulk of learning occurred over the course of four
visits for schemes Q1 and Q2, and six visits for Q0. At
the conclusion of visit 10, average pursuit deviations
for control, Q0, Q1, and Q2 were 19.5, 124.9, 48.2,
and 44.9arcmin, respectively.
Fig. 6(b) depicts the contrast between schemes Q1
and Q2. Without practice (at the conclusion of visit
one), scheme Q1 was more eﬀective for pursuit than
Q2. With four visits practice (approximately 20min
practice with each scheme), however, the relative eﬃcacy
of Q2 was pronounced (an improved accuracy of 3.3arc-
min); this relative eﬃcacy persisted for visits ﬁve
through 10.
For purposes of ANOVA, and by the rationale
and methods described above, Q1 and Q2 pursuit
scores were pooled and transformed via
0:479
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ111:938þ 4:179fgp . The pursuit data, like the
ﬁxation data, exhibited a strong subject eﬀect
(P < 0.001). In assessing the Q1–Q2 contrast, the ﬁl-
ter · visit interaction is strongly statistically signiﬁcant:
F(9,158) = 14.23 (P < 0.0001).
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Fig. 6. (a) Subjects mean deviation during pursuit from the target (in
minutes of visual arc) for the three ﬁltering schemes, and for control,
over 10 visits. Each data point represents the cohorts mean deviation
from the target over the course of approximately 5min tracking by
each of 20 subjects; the decreasing curves are indicative of the practice
eﬀect. (b) The contrast, Q1–Q2, demonstrating the relative eﬃcacy,
with practice, of scheme Q2. The improvement for scheme Q2 outstrips
that of Q1 with statistical signiﬁcance, as discussed in the text (95%
conﬁdence intervals shown).
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Power spectra of the pursuit deviation signals for vis-
its 1 and 10, psf1,10Æ, for schemes Q0–Q2 and control are
depicted in Fig. 7. For all power spectra, the 99.9%-
bandwidth (the frequency band containing 99.9% of sig-
nal energy), was contained in 0–5Hz, an observation
consistent with results from other human movement
studies involving similar manipulanda (Ghous & Neil-
son, 2002). Accordingly, ﬁgures are conﬁned to this
band.
RMS velocities and accelerations for all schemes, and
control, at visit 10 are contained in Table 2. Paired com-
parison shows that scheme Q2, as compared with Q1, re-
quired less acceleration in both the x- and y-directions.
Comparison of velocities, however, is less conclusive:the x-direction velocity for Q2 is less than that of Q1;
the y-direction velocities were equal.4. Discussion
Subjects were aﬀorded simulated prosthetic vision,
that is, an array of phosphenes that could be moved
around the computer monitor using a joystick. Capable
prosthetic visual ﬁxation, saccade, and smooth pursuit
were demonstrated in response to a small, high-contrast
target. In previous studies, the intensities of the (ﬁxed-
size) phosphenes comprising the array were modulated
according to the ‘‘underlying’’ stimulus (Cha et al.,
1992a, 1992b; Cha, Horch, Normann et al., 1992;
Humayun, 2001; Hayes et al., 2003; Thompson et al.,
2003). In the present set-up, however, the sizes of the
(ﬁxed-intensity) phosphenes were modulated. Since the
ﬁeld of retinal prosthesis is relatively new and there
are few in vivo data, it remains conjectural as to whether
a device will ultimately eﬀect the repeatable modulation
of phosphene sizes or intensities; bidomain modeling of
extracellular stimulation of slabs of neural tissue indi-
cates that it may indeed be both (Roth & Wikswo,
1984). In the literature, however, it is the modulation
of phosphene intensities that has received all of the
attention. Our data suggest that the modulation of phos-
phene size will likewise produce good psychophysical
results.
In driving the phosphene array, three diﬀerent image
analysis schemes were tested: impulsive sampling (Q0),
regional averaging (Q1), and overlapping Gaussian ﬁl-
tering (Q2). The former two are trivial in the signal
processing sense, and form the basis of previous studies;
Q2 was an ad hoc design by the present authors. Our
data show that Q2 aﬀorded subjects improved ﬁxation
and pursuit accuracy as compared with both Q0 and
Q1. The eﬀective use of Q2, however, required practice;
initially, Q2 was being used less eﬀectively than Q1, but
after four visits it was being used more eﬀectively.
Schemes Q1 and Q2 enabled more accurate saccades
as compared with Q0, but no systematic diﬀerence
between the two—Q1 and Q2—was observed.
As per Figs. 4 and 5, increased saccade accuracy was
concomitant with increased latency; for schemes Q1 and
Q2, latencies were an average of 60ms longer at visit 10
as compared with visit 1 (approximately 290ms versus
350ms). This indicates that subjects adopted the strategy
of delaying, so as to observe target motion, prior to ini-
tiating a more accurate saccade. Gellman and Carl
(1991), in oculomotor studies, showed that when the
motion of a target is observed prior to saccade onset,
saccade accuracy is improved. In the present study, it
is somewhat surprising that Q2, while having improved
ﬁxation and pursuit accuracy, did not improve saccade
accuracy. This suggests that, for the extra information
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Fig. 7. (a) Power spectra of pursuit deviation signal in the x-direction for all schemes and control at visit 1. The PSD for scheme Q0 is greater at all
frequencies from 0 to 5Hz, indicating the extra energy required to use the scheme eﬀectively. Vertical lines indicate 99%-bandwidths for Q0, Q1, and
Q2. (b) As per (a) for y-direction. (c) As per (a) at visit 10. Note the marked shift in 99% bandwidth for scheme Q0 (1.73Hz at visit 1 to 2.76Hz),
reﬂecting the fact that subjects learned to move the sensor array very rapidly in order to better track the target. (d) As per (c) for y-direction.
Table 2
Root-mean-square velocities and accelerations, in the x- and y-directions, of pursuit deviation signal, psf10 (visit 10), for the three schemes and control
Velocity [arcmins1] Acceleration [arcmins2]
x-dir y-dir x-dir y-dir
Control 1.99 3.01 0.79 1.17
Q0 7.21 6.51 2.61 2.32
Q1 3.23 t19 ¼ 1:78
ðP ¼ 0:09Þ

2.72 t19 ¼ 0:12
ðP ¼ 0:91Þ

1.16 t19 ¼ 2:88
ðP ¼ 0:01Þ

0.97 t19 ¼ 1:97
ðP ¼ 0:06Þ

Q2 3.18 2.72 1.12 0.93
Two-tailed, paired (by subject) t-tests were employed in assessing the contrast Q1–Q2, with results indicated by braces. Less acceleration was inherent
to the movement of the sensor array for scheme Q2 as compared with Q1. As per Section 4, less phosphene array velocity and acceleration are
desirable features of a scheme.
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than 60ms is needed by an observer to eﬀectively tempo-
rally integrate the phosphene array. It is interesting to
think of scheme Q0 as posing a sampling deﬁcit—a def-
icit which would have made it impossible to observe the
motion of the target prior to initiating a saccade. It is
therefore not surprising that subjects adopted no such
strategy for Q0. In the amblyopic eye, where there exists
a spatial visual deﬁcit, an increased saccade latency of
60ms has been demonstrated (Ciuﬀreda, Kenyon, &
Stark, 1978). In the normal eye, a typical saccade latencyis approxiamtely 200ms. Mackensen (1958) measured a
100ms increase in hand–eye reaction time in amblyopes.
In the present study, saccade latency for Q0 was approx-
imately 300ms slower than those of Q1 and Q2.
With practice, subjects tracked the target with better
accuracy (for ﬁxation, saccade, and pursuit). The bulk
of learning had occurred by the end of the fourth visit,
that is, after approximately 10min tracking on four dif-
ferent days with each analysis scheme. Gauthier and col-
leagues (Gauthier, Vercher, Ivaldi, & Marchetti, 1988)
observed time-courses similar to these for learning in
Fig. 8. Fixation (a) and pursuit (b) data with exponentials ﬁtted for
schemes Q1 and Q2. Learning for ﬁxation occurred more quickly than
for pursuit. The intersecting curves in (b) show that the relative
eﬀective use of Q2 required practice. Residual sum-of-squres, (a) Q1
and Q2: 1.1 and 1.4, respectively; (b) Q1 and Q2: 4.9 and 11.9,
respectively.
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ment was marked over the course of 4–5 one-hour trials,
while adults took ‘‘several [but fewer] trials’’. Karni and
Sagi (1993) examined pre-attentive texture discrimina-
tion and proposed that neuronal plasticity in the cortex
is central to the latent phase learning they observed: sub-
jects visual sensitivity was markedly better 22–28h after
the conclusions of sessions spaced 1–3 days apart, but
within-session improvement was minimal. In the present
study, successive visits were separated by an average of
3.4 days (s.d. 2.5). It is interesting to note that Karni
and Sagi observed, as did we, decreased variance (in-
creased consistency) concomitant with increased per-
formance (in the present case, decreased deviation).
To quantify the time-courses of learning, we ﬁtted the
following exponential to the ﬁxation and pursuit mean
deviation data:
a expvisit
b
þ c: ð2Þ
The curves are depicted in Fig. 8. Least-squares ﬁtting
was performed using R (2004), a language and environ-
ment for statistical computing, which implements the
Gauss–Newton algorithm. Of particular interest is the
parameter b, which may be thought of as a learning
time-constant. That is, analogous to the time constant
of an RC electric circuit which describes the time-course
of voltage decay, it denotes the period during which
approximately 67% of learning occurs. For ﬁxation,
the time-constants for Q1 and Q2 were 1.0 and 1.3,
respectively. For pursuit, the time-constants for Q1
and Q2 were 2.9 and 2.3, respectively.
In addition to improved accuracy, our data suggest
that appropriate image processing would make for less
requisite movement of the phosphene array; pursuit
via scheme Q2, as compared with Q1, required slightly
less (albeit statistically signiﬁcant) velocity and accelera-
tion. Reduced requisite movement would likely be of
clinical beneﬁt. Early generation prostheses will likely
involve a head-mounted camera (Suaning, Hallum,
Chen, Preston, & Lovell, 2003); in subsequent genera-
tions the camera may be contained wholly within the
eye (Hamill, Kuppermann, Fine, & Lane, 2003). The
former would require head movements, and the latter
modiﬁed eye movements (modiﬁed due to the introduc-
tion and aﬃxment of implantable components to the
ocular anatomy), to replace, as best as possible, eye
movements integral to normal vision. Therefore, for a
prosthesis, increased velocities and accelerations refer
to those of the head or eye. If we consider the case of
a head-mounted camera, a scheme requiring more accel-
erations may make for adverse vestibular reactions like
those observed by Cha et al. (1992a) in mobility studies.
Further, Schieppati, Nardone, and Schmid (2003) dem-
onstrated that balance is adversely aﬀected via aﬀerent
inﬂow after induced neck muscle fatigue in standingsubjects, a result that was exacerbated when subjects
were deprived of visual input. The Schieppati result
may have played a role in the aforementioned dizziness
observed by Cha et al. (1992a). In Appendix A, we have
demonstrated brieﬂy, via simple mechanics, how in-
creased acceleration and velocity contribute to muscle
fatigue. Muller, Stoll, and Schmal (2003) measured re-
duced peak velocities in eyes of contact lens-wearing
subjects as compared with controls wearing glasses.
Those authors hypothesized that the additional mass
of the contact lens may be a contributing factor. The
introduction of an implantable electronic prosthetic de-
vice to the ocular anatomy will, too, alter the eyes nor-
mal mechanics. Usually, the eyes centre of mass and
centre of rotation approximately coincide (Maddox,
1907, pp. 68–78), minimizing the systems moment of
inertia—its resistance to rotation. An implanted device,
however, introduces an inertial mass to the system. So,
for a wholly intraocular device, movement may be
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an image processing scheme that enables accurate
pursuit at lesser velocities and accelerations may be of
beneﬁt.
In the present tracking task, further to its aﬀording
better accuracy, Q2 is characterized by slightly smaller
velocities and accelerations than the other schemes.
Our data are indicative of, although not equivalent to,
those we would expect from a patient with a head-
mounted or wholly intraocular prosthesis. The extent
to which they are indicative lies in the extent to which
movement of the hand in oculomanual tracking (eye-
and-hand; EH) is analogous to movement of the eye in
ocular tracking (eye alone; EA) and to head movement.
Xia and Barnes (1999) compared EA and EH tracking
and demonstrated the equivalent accuracy of the hand
(in EH tracking) and the eye (in EA tracking) for target
frequencies up to approximately 2Hz. In response to in-
creased target velocity, both hand and eye responses
broke down. Hand break-down was faster than that of
eye, but this occured at target velocities upwards of
18deg/s, markedly higher than those used in the present
experiment (approximately 2deg/s). Jacobs and van
Steenberghe (1993) compared ﬁnger tracking and head
tracking (in response to target velocities no greater, we
estimate, than 1.2deg/s). They reported both ﬁnger
and head signals that generally lagged the target signal
(approximately 0.25s and 0.5s lag, respectively) and
exhibited low-frequency oscillations about the target.
Cross-correlation and spectral analysis revealed no sig-
niﬁcant diﬀerence, however. 2 Gauthier et al. (1988), in
EA and EH studies, reported a smooth pursuit satura-
tion velocity of 40deg/s for the eye and a pursuit satura-
tion velocity of 90deg/s for the hand. Taken together,
these studies indicate that it is reasonable to expect accu-
rate tracking by hand as by eye and head for targets at
velocities like those we have used, despite the fact that
eye and hand movements are diﬀerent dynamically.
Eye movements are comprised of slow and fast phases
(smooth pursuit and saccade, respectively) (Leigh &
Zee, 1999, pp. 90–186), whereas hand movement is more
continuously graded (a concise demonstration of this in-
volves ocular tracking of a self-moved target, wherein
the frequency response of the oculomotor system is
eﬀectively ‘‘pulled up’’ by the presence of the hand (Ver-
cher, Volle, & Gauthier, 1993)). Of important note is the
trade-oﬀ between the phases of eye movement (as
numerous studies demonstrate, e.g. Vercher et al.
(1993)): in the case of deteriorating smooth pursuit, an
increase in saccadic eye movements serve to keep the tar-
get better foveated (this is the case be it induced by a2 Of note is the fact that Jacobs and van Steenberghe observed
similar head and ﬁnger responses to delayed visual feedback. They
posit that this similarity is as expected, since visual feedback is
naturally integral to both ﬁnger and head movement.changed, say, faster, stimulus (e.g. Vercher et al. (1993)),
or the result of disease, such as the abnormal saccadic
substitution observed in amblyopic eyes (Ciuﬀreda,
Kenyon, & Stark, 1979)). Further, since the ‘‘main se-
quence’’ relationship dictates that a saccade of greater
amplitude will attain higher peak velocites (Boghen,
Troost, Daroﬀ, DellOsso, & Birkett, 1974), it follows
that, as smooth pursuit accuracy deteriorates increas-
ingly, saccade velocities increase. What we have demon-
strated in the present study is an analysis scheme (Q2)
that enables better accuracy. It follows that, when inte-
grated with a prosthetic visual system, the scheme would
require of patients fewer saccades or correcting move-
ments. It is these corrections that involve greater velo-
cities and accelerations.
Since a more dense packing of more phosphenes
makes for better prosthetic vision, the question arises,
Why not simply pack more phosphenes more densely?
In vitro physiological studies have demonstrated the eﬃ-
cacy of electrodes separated by 25lm (corresponding to
5.1min of visual arc) in activating retinal neural tissue
(Grumet, 1999); this work casts promising light on the
possible restoration of high-resolution, or normal, vi-
sion. In vivo trials in human suﬀerers of retinal degener-
ation, however, have shown that small electrodes are in
fact unreliable in rendering phosphenes (Rizzo, Jensen,
Loewenstein, & Wyatt, 2003). Greenberg has suggested
that, for the electrode conﬁguration he used, electrode
separation distance is likely to be no less than 0.25mm
(0.8), the distance at which a 3dB rise in stimulation
threshold is observed in the frog (Greenberg, 1998);
Humayun et al. (1999) reported that blind human pa-
tients could discern 435lm (1.5) electrode separation
distances. A recent clinical trial involves electrodes with
centre-to-centre spacing of 720lm (2.4) (Humayun
et al., 2003b). For comparisons sake, again, we turn to
multi-channel cochlear neuroprostheses: animal studies
indicate that bipolar stimulation results in more re-
stricted ﬁelds of excitation (Kral, Hartmann, Mortazavi,
& Klinke, 1998) (indeed, it was widely held for years
after the advent of the implant that only bipolar stimu-
lation could activate discrete regions of spiral ganglion
cells (Rubinstein & Miller, 1999)), but, psychophysi-
cally, bipolar and monopolar stimulation have proven
equivalent for speech recognition (Zwolan, Kileny,
Ashbaugh, & Telian, 1996). Intraocular electrode arrays
with dimensions of the order of tens of micrometers may
be decades in the realization; the realization of an
implantable device will precede a full understanding of
the electrode–tissue interface in situ. Further, thousands
of small electrodes would pose higher power demands
on implanted integrated circuitry, since resistivity is in-
versely proportional to cross-sectional area. The two
foremost application-speciﬁc integrated circuits (Sua-
ning & Lovell, 2001; Liu et al., 2000), propose the trans-
mission of data and power via radio frequency;
786 L.E. Hallum et al. / Vision Research 45 (2005) 775–788furthermore, a portable prosthesis would be powered by
battery, for which increased power dissipation means
accelerated discharge time.
With regard to densely packing phosphenes, in this
experiment we arrayed phosphenes in a regular hexago-
nal mosaic; all previous approaches have arrayed pho-
sphenes in a regular rectangular layout. The overall
dimensions of the visual simulations employed in the
present work make for activation of a region of the ret-
ina that approximately corresponds to proposed elec-
trode array geometries (Suaning et al., 2003). Our
hexagonal approach is based on the reasonable assump-
tion that an electrode activates adjacent retinal neural
tissue, and that the activated region is approximately
circular. Rizzo et al. (2003) have shown, in stimulating
the excised retina with small, spherical, extracellular
electrodes, that there exists some ganglion cell activation
at small distances beyond the diameter of the electrode.
Thus, the problem as to how to densely pack phosphe-
nes in the visual ﬁeld becomes a question of geometry.
It is widely known that the densest packing of equisized
circles on an unbounded plane is a regular hexagonal
mosaic. This result was proven by Fejes To´th in 1940.
Accordingly, it may be eﬃcacious to manufacture hex-
agonal arrays of implantable electrodes. At minimum,
we posit that said manufacture should take into account
phosphene geometry, and geometric packing results. We
have discussed dense phosphene packing, and its advan-
tages, more quantitatively in previous work (Hallum,
Suaning, & Lovell, 2004).5. Conclusion
Our data demonstrate a small though signiﬁcant
improvement in simulated prosthetic visuo-motor func-
tion for an image analysis scheme involving overlapping
Gaussian kernels. In the information theoretic sense, the
scheme better encodes the stimulus within the conﬁnes
of prosthetic vision (the synthesis parameters). This is
the ﬁrst step of an experimental, heuristic process; the
phosphene array movement data accrued here should
allow revised, more eﬀective image analysis designs with
a mind to further improving ﬁxation, saccade, and pur-
suit, and addressing more complex visual tasks such as
visual search. The present approach and its development
will likely improve clinical outcomes of retinal prosthetic
devices.Acknowledgment
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The energy generated by muscle contraction is spent
by way of mechanical work and heat (for a concise treat-
ment, see Epstein & Herzog, 1998, pp. 16–18). There-
fore, in assessing the vigor of phosphene array
movement, we ﬁrst consider power,
P ¼ F  v: ð3Þ
Thus, in each of the x- and y-directions, power is pro-
portional to the product of acceleration and velocity
P / av: ð4Þ
For periodic motions, the issue may be complicated by
the tendency of elastic tendons and muscle to store en-
ergy (Alexander & Bennet-Clark, 1977). In such cases,
the system approximates an oscillatory one wherein en-
ergy is lost due to friction alone. For example, consider
the damped oscillations of a pendulum that comes to
rest over time. The common, simple model for friction
states that frictional (drag) force is proportional to,
and in the opposite direction of, velocity (for concise
discussion, see Tipler, 1991, p. 388):
Fd ¼ bv; ð5Þ
where b is a damping constant, and v is the velocity of
motion. Thus, by combining Equations (2) and (4), we
see that, in each direction, the power employed opposing
friction is proportional to the square of velocity:
P / v2: ð6Þ
It is unclear to the authors at this time the extent to
which muscle and tendon elasticity will aﬀect vigor;
we mention the phenomenon here due to the highly
oscillatory nature of the pursuit deviation signal. Mor-
gan, Proske, and Warren (1978) estimated that such
storage saved the hopping kangaroo 30% energy; this,
however, is chieﬂy due to a long, compliant Achillies
tendon. Alexander and Bennet-Clark (1977) addressed
the problem with regard to the ﬂight muscles of the
locust. However, for insects the high frequency of wing
beat renders the work done at each muscular contrac-
tion less, and therefore the relative eﬀect of stored
energy greater.References
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